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ABSTRACT
On 26th January, 2001, the Kachchh region of Gujarat, India faced devastating earthquake of magnitude 7.6 (Mw) popularly known as
“Bhuj” earthquake. Various man made facilities including earthen dams faced varying level of damages during the earthquake and one
of the major causes of failure is attributed to wide spread liquefaction of foundation soil. In the present study, a typical Rudramata dam
sections located in the Kachchh region is considered for the failure analysis using fully coupled nonlinear dynamic numerical code
FLAC 5.0 with pore pressure generation capabilities under dynamic loadings. The analysis is performed using the acceleration – time
history record of the Bhuj earthquake developed by Iyengar and Raghukanth (2006) involving analytical procedures. The results of the
analysis of the dam section indicated that the presence of liquefiable soil beneath the foundation not only caused large deformation but
also modified the failure pattern i.e. from slope to a base type failure, the feature which was also observed during field reconnaissance.

INTRODUCTION
On 26th January, 2001, the Kachchh region of Gujarat in India
experienced the disastrous earthquake of (Mw) 7.6, popularly
known as Bhuj earthquake. The earthquake caused severe
damage to facilities like buildings; ports; earthen dams; roads;
and bridges including loss to several lives. The state
department (Government of Gujarat) estimated that 15.9
million people (50% population of Gujarat) were affected,
directly or indirectly, and more than 20,000 cattle were
reportedly killed. The estimated economic loss was $5.0
billion. The earthquake occurred in the Kachchh Peninsula
which has a long history of strong earthquakes (Bendick et
al., 2001). The fault plane solution (Reena et al., 2003)
suggests that the main shock was generated by reverse
faulting at a depth of 25 km, in the lower crust. Through postearthquake field reconnaissance reports findings, it was
revealed that several earthen dams located in the region either
failed or showed varying levels of damages during the
earthquake due to presence of thick liquefiable alluvium
beneath the foundation (Singh et al., 2005). The Rudramata
dam, located near to the epicenter region is a classical
example of embankment dam failure due to liquefaction
phenomenon.
The methods of seismic stability analysis of earthen dams
include limit equilibrium based pseudo-static approach;
deformation based analytical approaches, and equivalent
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linear or fully coupled nonlinear dynamic numerical analysis
using finite element or finite difference techniques (Gazetas
1987, Kramer 2003). Earlier method (before 1960s) for
seismic stability analysis of earthen dams was limit
equilibrium based pseudo-static approach. In the approach,
some of the important aspects of the earthquake loading i.e.
generation of pore-pressure, reduction in strength as well as
stiffness characteristics of embankment materials, and
hysteretic type damping effects are not considered directly.
To overcome these shortcomings in the pseudo-static
approaches, a procedure for the seismic stability of earthen
dams was developed in the mid 1970s by Professor Seed and
coworkers at the University of California at Berkeley (Seed et
al. 1975, Makdisi and Seed 1978). The procedure combines
the dynamic response study of the earthen dam using iterative
equivalent linear approach and Newmark type deformation
analysis. Wang et al. (2006) indicated that the approach does
not incorporate the effect of induced pore water pressure
during earthquake shaking. The potential for liquefaction and
amount of pore pressure developed within the embankment
soils are estimated at the end of the specified duration of
shaking. With the development of numerical modeling of the
constitutive behavior of soil materials and high speed
computers, a fully coupled nonlinear dynamic numerical
analysis is now performed, which can take into account for
the effect of building up of the pore pressure during the
earthquake shaking, effect of cyclic loading on the strength,
stiffness and damping characteristics of the embankment
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material and development of permanent deformations through
nonlinear effective stress analysis.

OBJECTIVE OF THE PRESENT STUDY
A coupled nonlinear dynamic numerical analysis (using
commercially available finite difference code FLAC 5.0) of
the failed Rudramata dam section (during Bhuj earthquake) is
performed and results are discussed to understand the
mechanism and underlying causes of failure of the dam. For
the dynamic numerical analysis of the dam sections, the
available Bhuj earthquake acceleration time-history record
analytically developed by Iyenger and Raghu Kanth (2006)
has been used. To study the influence of presence of
liquefiable layer beneath the foundation, the numerical
analysis is performed for the two separate cases i.e. (i)
without consideration of presence of liquefiable layer and (ii)
with consideration of presence of liquefiable layer. To take
into consideration the important aspects of dynamic loading
i.e. pore pressure generation, the Finn-Byrne model is used in
the numerical analysis. The results of the analysis are also
compared after considering dam materials following MohrCoulomb model behavior.

APPROACH TO DAM SAFETY ANALYSIS
The safety evaluation of the dams requires attention in the
following two circumstances: (a) when a strong earthquake
has occurred and strong motion instruments have recorded
strong shaking in a dam and a post-earthquake inspection has
revealed some damage, and (b) when the seismic design
criteria or seismic performance criteria have changed and/or
new developments have taken place (i) in the seismic hazard
assessment, (ii) in the methods of seismic analysis, or (c) in
the dynamic behavior of materials, etc. The basic steps for the
evaluation of the seismic safety of embankment dams are as
follows (Wieland, 2006):
 Determination of input parameters of the safety
evaluation earthquake (i.e. response spectrum, PGA,
duration of strong ground shaking etc.);
 Estimation of dynamic material properties based on static
and dynamic laboratory tests or information extracted
from the literature;
 Dynamic analysis of a two- or three-dimensional finite
element/finite difference model of the dam-foundation
system using, e.g., the equivalent linear method, or fully
coupled non-linear analysis;
 Assessment of pore pressure build-up (liquefaction
analysis for certain foundation conditions or materials in
hydraulic fill dams);
 Calculation of permanent displacements of potential
sliding masses along the dam slopes;
 Seismic safety assessment based on the results of the
earthquake analysis.
The fundamental criterion for assessing the stability of an
embankment dam is the factor of safety against sliding of a
part of the dam slopes. Usually, the dam is treated as a safe
structure if the factor of safety is more than unity.
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In the factor of safety calculations, it is assumed that the dam
body experiences elastic deformations only. But if a dam is
subjected to a strong earthquake motion, its deformation is never
elastic and the permanent deformations decide upon the
performance under earthquake loading conditions. The character
and magnitude of the permanent displacements become
measures for estimating the overall stability of the dam as a
structure.
GEOLOGICAL FEATURES AND TECTONIC SETTINGS OF
KACHCHH
The tectonic framework of northern India is dominated by two
main features: (1) the stable continental craton of peninsular
India; and (2) the collision zone where India and Asia converge
along the Himalayan plate boundary zone. Plate tectonic models,
based on geological and geomorphic data, earthquake slip
vectors and global positioning satellite (GPS) based plate
velocities, indicate that the Indian plate is moving north relative
to Asia at a rate of 20±3 mm/yr (Bilham et al. 2001). The
geological and tectonic development of the Kachchh region has
a long history that extends back to Proterozoic time (>700
million years) and although the general geological history is
known yet the details of the structural and stratigraphic evolution
are little understood. The current pattern of tectonic activity in
India is dominated by processes related to the collision of India
and Eurasia.

Fig. 1. Location and tectonic setting of the January 26, 2001 Mw
7.7 Bhuj earthquake in northwestern India. Arrows show large
scale movement of crustal blocks.
As shown in the regional map in Fig [1] the Indian subcontinent
is moving northward at a rate of approximately 52 to 63 mm/yr
and is colliding with the Asian plate, which is also moving
northward, but at about half the rate of the Indian plate
(Burgmann et al. 2001).
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The difference in relative plate velocities produces an
intercontinental collision that is forming the Himalaya
Mountains and driving the eastward and westward movement
of large crustal blocks away from the Himalayan orogen into
southeast Asia and the Caspian regions, respectively. The rate
of contraction across the Himalayan Frontal Fault System and
along the western boundary of the plate near the
India/Pakistan border is approximately 20 to 25 mm/yr
(Bilham et al., 2001).

The principal faults in the region are the east-trending Katrol
Hill fault, Kachchh Mainland fault, Island Belt fault, Allah Bund
fault, and Nagar Parker fault (Malik et. al 2000). Based on
available data and observations made during field
reconnaissance, the Kachchh region appears to be a Neogene and
possible late Quaternary active fold and thrust belt comprised of:
 Down warp and related faults of the Gulf of Kachchh.
 Anticlinorium localized between the Katrol Hill and Kachchh
Mainland faults.
 Quaternary half-grabens on the north side of the Kachchh
Mainland and Island Belt faults (e.g., Banni Plain and Great
Rann of Kachchh).
 North-dipping Allan Bund thrust fault.

Fig. 2. Major tectonic features of Gujarat and adjoining
regions: 1. Nagar Parker fault; 2. Allah Bund; 3. Island Belt;
4. Katrol Hill fault; 5. Gulf of Kachchh; 6. Approximate
location of Fig [3]

Fig. 3. Schematic regional cross-section of the Kachchh
region. Section inferred from geologic data
Major structural features of the Kachchh region are shown in
Fig [2]. These include east west-trending folds and faults
(Rajendran & Rajendran, 2001) that deform Mesozoic clastic
deposits and Deccan Trap basalts, Tertiary sedimentary units
(Merh, 1995), possible Quaternary terrace surfaces and
deposits, and alluvial/intertidal sediments.
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The entire area between the Mainland fault and the Allah
Bund/Nagar Parker faults may be viewed broadly as an active
ramp syncline in which the basins and sabkas are localized.
Identification of potential seismic sources is basically based on
local geology, tectonic history, and seismicity. The available
information about the geological features and tectonic settings
were used in the identification and characterization of all
earthquake sources capable of producing significant ground
motion at the site and further it was used for the seismic hazard
analysis of the local site and in the total risk analysis of selected
dams located in the region.

CHARACTERISTICS
EARTHQUAKE

OF

26th

JANUARY

2001

BHUJ

The Kachchh region of Gujarat, India is one of the most
seismically active regions in the country (seismic zone V as per
BIS: 1893-2002). The Allah Bund earthquake in 1819 (Mw
>7.0), Anjar earthquake in 1956 (Mw = 7.0), and Bhuj
earthquake in 2001 (Mw = 7.6) are the few major earthquakes
occurred in the past. The details of the 26th January 2001 Bhuj
earthquake that occurred in the Kachchh region of Gujarat,
India, are given below:
Date:
26th January, 2001
Epicenter:
13 kilometers NW of Bhachau
(Gujarat), India
Latitude:
23.40o N
Longitude:
70.32o E
Origin Time:
08:46:41 IST
Magnitude:
Mw 7.7 (USGS)
Focal Depth:
18 km; 70 km east of city Bhuj
In Kachchh, major fault zones trend generally east–west, and the
Kachchh Mainland Fault has a length of about 100 km and
passes through the epicenter area where the Bhuj earthquake
occurred. It is presumed that this is the fault on which the Bhuj
earthquake occurred, though no surface rupture was observed
(Krinitzsky and Hynes 2002). A detailed discussion on the
geological features of the Kachchh region of Gujarat, India and
information on the effect of Bhuj earthquake on the economic
and social life of the people could be gathered in the available
literature (EERI- Special Earthquake Report 2001).

3

Since, there is no strong motion accelerograms data are
available at the dams site as well as for the earthquake source,
Krinitzsky and Hynes (2002) provided the intensity of
earthquake on Modified Mercalli Scale (MMS) based on the
observations of the level of damage as shown in Fig [4].

for hard rock. It estimates the main shock PGA at Bhuj City
between 0.33 g–0.37g.

Fig. 4. Map of the Kachchh region with location of several
dams, the source area of the 26th January 2001 Bhuj
earthquake, and Modified Mercalli intensities
Table 1 Predicted ground motions for the Bhuj EQ based on
MM intensities (Krinitzsky and Hynes, 2002)

MM
Intensity

VII
VIII
IX
X

Fig. 5a. Estimation of horizontal peak ground estimation using
analytical method (Iyengar and Raghu Kanth, 2006)

Bhuj Earthquake:
Peak ground motions, hard site
Bendick et al.
Hough et al.
(2001)
(2002)
Velocity
Acceln (g)
(cm/sec)
16-31
0.18-0.34
31-60
0.34-0.65
60-116
0.65-1.24
>116
>1.24

Bendick et al. (2001); Hough et al. (2002) also studied the
intensity of Bhuj earthquake on the same line of thoughts and
provided the MM intensity maps with corresponding ground
motions i.e. peak horizontal accelerations and velocities for
the hard rock sites (Table [1]).
Iyengar and Raghu Kanth (2006) used analytical methods for
the estimation of ground motions parameters of the Bhuj
earthquake and provided a contour map of peak ground
acceleration (PGA) in the near source regions (Fig [5a]). In
their study, a set of three aftershock records have been used
as empirical Green’s functions to simulate ground
acceleration time history and 5% damped response spectrum
at Bhuj City. Fig [5b] shows the simulated acceleration – time
history record for the Bhuj earthquake, one of which has been
used in the present study as an input motion for the dynamic
numerical analysis of the dam sections. Fig [6] presents the
response spectra of the six horizontal components along with
their average and it shows high frequency content consistent
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Fig. 5b. Simulated acceleration - time history record of the 2001
Bhuj earthquake based on empirical green function (Iyengar and
Raghukanth, 2006)
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DYNAMIC SOIL PROPERTIES
The fully coupled dynamic numerical analysis of the earthen
dam sections using pore pressure generation model requires
following soil parameters as input (i) dry unit weight (), (ii)
Mohr-Coulomb shear strength parameters c (cohesion) and 
(effective friction angle) and (iii) the stiffness parameters i.e.
maximum shear modulus (Gmax) and Poisson’s ratio (). The
required input soil shear strength parameters (c, ) for different
zones of the dam sections as well as for the foundation soil were
obtained from the laboratory tri-axial tests conducted on the soil
samples collected in the split-spoon sampler during the SPT
program. To determine the low strain shear modulus values
(Gmax), the following expression are used as proposed by Seed
and Idriss (1970) for the cohesionless materials.

 '
G max  21.7 K 2 max p a  m
 pa





0.5

(1)

Where, pa is the atmospheric pressure,
Fig. 6. Response spectra for the six simulated accelerograms
for the main event of 2001 Bhuj earthquake (Iyengar and
Raghukanth, 2006)

 m'

is the effective mean

normal stress, and K2max is a soil modulus coefficients. Seed et
al. (1986) proposed that the value of K2max can be correlated with
the standard penetration resistance [(N1)60] as below:

K 2 max  20 N 1 60 

1/ 3

OBRESVED DAMAGES FOR RUDRAMATA DAM
The dam is located across river Khari, 16 kms from Bhuj in
Kachchh district. It was completed in year 1959 with a gross
storage capacity of 61.53 million m3. It comprises 1217.19 m
long earth dam with a maximum height of 27.57 m. During
earthquake, through out the length of the dam, longitudinal
cracks were developed on over the top. The dam was badly
shaken and there were lateral spreading that left pronounced
scarps and large bulges at the toe of the upstream slope of
earthen dam (Fig [7]).

(2)

Another aspect in the dynamic response analysis of soil
structures is the characterization of modulus reduction curve and
damping ratio of the in situ soil with respect to applied effective
shear strain amplitude during the dynamic loading. Seed and
Idriss (1970) summarized the extensive laboratory test results
and gave upper and lower bound curves for sand. In the present
study, the published upper bound modulus reductions
relationships developed by Seed and Idriss (1970) and a
hysteretic type damping is used both of which are available as an
inbuilt option in the software package and readers are suggested
to through the manual for detailed discussion on the topics. The
values of Poisson’s ratios for different soils are assumed in the
range of 0.35–0.45 (Bowles 1996). The values of different input
soil parameters are summarized in Table [2].
Table 2. Input soil properties used in the dynamic numerical
analysis of the old Rudramata dam section
Properties

Fig. 7. Lateral spreading of the downstream section of an
earthen dam at Rudramata
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Mass density
(kg/m3)
Elastic Modulus
(MPa)
Poisson’s
ratio ()
Cohesion
(c) kPa
Eff. Friction
Angle ()
Shear wave
velocity (Cs),
m/sec

Found.
soil

Core

Shell

Liq.
layer

1465

93

1475

1380

102

1320

112

88

0.34

0.38

0.36

0.41

12.0

8.0

6.0

1.0

26

28

32

22

161

160

167

151

5

COUPLED DYNAMIC NUMERICAL ANALYSIS
The first step for the dynamic numerical analysis of the dam
sections involves the establishment of initial stresses and pore
pressure distribution in the embankment dam body and
foundation soil under static condition. The second step
involves dynamic numerical analysis using acceleration-time
history record of the earthquake data. In the present work, for
the establishment of initial stresses, reservoir is considered to
be at partial full condition (since the earthquake occurred after
the prolonged dry season and during the field investigation it
is observed that the depth of water in the reservoir is only 3.5
meter). The analysis is performed considering two different
constitutive behaviors of the embankment materials i.e. MohrCoulomb model and Finn-Byrne model available as an inbuilt
option in the numerical tool. The results of the coupled
nonlinear dynamic numerical analysis of the Rudramata dam
section is performed using the analytically developed
acceleration – time history record of the Bhuj earthquake
(Iyenger and Raghukanth 2006).
An explicit finite difference code (FLAC 2007) that performs
Lagrangian analysis has been used in the present study. The
code uses explicit time marching method to solve governing
field equations in which every derivative in the set of
governing equations is replaced directly by algebraic
expressions written in terms of field variables (i.e. stress,
displacement) at discrete points in space. For the dynamic
numerical analysis; there are three aspects that should be
considered while preparing a numerical model. They are: (i)
wave transmission through the model (ii) dynamic loading and
boundary conditions and (iii) mechanical damping. Another
aspect of the dynamic loading is the development of pore
water pressures in the saturated soil media due to undrained
loading conditions. Following section provides a brief
discussion on these aspects which are available as an inbuilt
option in the numerical code and for detailed discussion reader
may refer to the code manual.
Wave transmission
The size of numerical grid depends on the wave propagation
velocity i.e. shear wave velocity in the material and the
frequency content of the input motion and it should be such
that the wave transmission is accurate. If the grids are too fine
in size, it will take more run time and demand high memory
requirements in the computer. On the other hand, with coarser
grids, one has to compromise with the accuracy of the results.
The size of grid also depends on the frequency content of the
motion. It is well established that the maximum power of the
earthquake exists in the low frequency content of the motion;
normally high frequency contents in the available raw
earthquake data are removed for the dynamic numerical
analysis (Kramer 2003). The cut off frequency (fc) above
which the frequency content of the input motion is removed is
obtained as below:
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Let us assume that for the reasonable run time without
compromising much with the accuracy of the result, the size of
grid is taken as l. After knowing the shear wave velocity (Cs)
of input soil material from the following Eq. [3]:

Cs 

E
2  (1   )

(3)

The cut off frequency (fc) of the earthquake motion can be
obtained using Eq. [4]:

fc 

Cs
10 l

(4)

After filtering the raw data, the process of “baseline corrections”
should be performed so that the model should not exhibit
continuing velocity or residual displacements after the motion is
completed (Kramer 2003).
Dynamic loading and boundary condition
In the present analysis, the dynamic input motion is given as a
stress boundary in order to apply “quiet boundary” condition
along the same boundary as the dynamic input (Lysmer and
Kuhlemeyer 1969). This is done because the effect of the quiet
boundary will be nullified if the input is applied as an
acceleration (or velocity) wave. The quiet boundary scheme
involves dashpots attached independently to the boundary in the
normal and shear directions in order to absorb most of the
energy in the waves approaching to the boundary. In this way,
the waves are prevented in reflecting back into the model and
allow proper energy radiation. The filtered and baseline
corrected velocity record is converted into a shear stress
boundary condition using the following relationship:

 s  2 C s  s

(5)

Where s= applied shear stress, = mass density, Cs= speed of swave propagation through medium and s= input shear particle
velocity. The factor 2.0 in the relation accounts for the input
energy, which is divided into downward and upward propagating
waves and should be adjusted if the actual velocity time history
record does not match with the monitored velocity – time history
record during the dynamic numerical analysis.
Mechanical damping
Damping, which exists due to the energy loss that is caused due
to internal friction in the intact material and slippage along
interfaces in the numerical simulation, should reproduce in
magnitude and form the energy losses in the natural system
when subjected to dynamic loading. Since, natural damping is
mainly hysteretic in soil and rock i.e. independent of frequency
(Gemant and Jackson 1937, Wegel and Walther 1935); it has
been incorporated in the numerical analysis. This form of
damping allows strain dependent modulus and damping
functions to be incorporated directly into the numerical
simulation. The hysteretic model is developed by noting that the

6

S-shaped curve of modulus versus logarithm of cyclic strain
(Fig. [8]). It can be represented by a cubic equation, with zero
slopes at both low strain and high strains. The Secant modulus
(Ms) is given by the following equations:

M s  s 2 (3  2 s )

(6a)

undrained condition due to instantaneous dynamic loading, pore
water pressure builds up. With increase in the pressure of the
fluid, the effective stress acting on the grain matrix decreases.
Martin et al. (1975) described this mechanism and provided an
empirical relationship [Eq. (9)] that relates the increment of
volume decrease (vd), to the cyclic shear strain amplitude ().

Where, s is given as below;

L  L  ;
s 2
L2  L1 

 vd

(6b)

and L is the logarithmic strain i.e.

L  log10  

(6c)

The parameters L1 and L2 are the extreme values of
logarithmic strain i.e. the values at which the tangent slope
become zero. For numerical fit to the Seed and Idriss data as
shown in Fig [8], the values of L1 and L2 would be -3.325 and
0.823, respectively.

C 3 vd2
 C1    C 2  vd  
  C 4 vd

(9)

where, C1, C2, C3 and C4 are constants and obtained through the
procedure explained in Martin el al. (1975). Alternatively, Byrne
(1991) proposed a simpler formula as given in Eq. (10)

 vd





 C1 exp   C 2  vd
 



 


(10)

The coefficients C1, C2 are assigned from the SPT value (N60) as
below:
1.25
(11)
C1  8.7N 60
C2  0.4 / C1

(12)

The Finn model (1977), which is used as built in constitutive
model in the numerical code, incorporates the above two models
into Mohr – coulomb plasticity model. For the dynamic
numerical analysis, the input motion is given at the base of the
model using the acceleration – time history record analytically
developed by Iyengar and Raghukanth (2006) shown in Fig [9].

4
3

Fig. 8. Modulus reduction curve for sand (Seed and Idriss
1970 - upper range")

Mt  Ms 

dM s
d

(7)

Using chain rule;

Acclln (m2/sec)

The tangent modulus (Mt) is given by:

2
1
0
0

10

20

30

40

50

-1
-2

dM s dM s ds dL

. .
d
ds dL d

Time (sec)
-3
-4

The final expression for Mt is obtained as;

M t  s 2 (3  2 s ) 

6s(1  s )
log10 e
L2  L1

Fig. 9. Analytically developed acceleration – time history record
of Bhuj earthquake (Iyenger and Raghu Kanth 2006)
(8)

Pore pressure generation model
During earthquake loading, there is a tendency of rearrangement
of the grains (irreversible volume change). If there exist an
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As indicated in Table [1], the lowest shear wave velocity for the
liquefiable layer is calculated as 151 m/sec. Using Eq. [4], the
maximum allowable frequency content (cut off frequency, fc) for
the accurate transmission of the input motion for a grid size of
1m × 1m (a smaller grid size required high memory and more
computational time) will be 15.1 Hz. Fig [10a] shows the power
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spectrum of the raw acceleration time history record of the Bhuj
earthquake data. It can be seen that almost all the power of the
Bhuj earthquake data exist within the frequency content of 15
Hz. Fig [10b] shows the power spectrum of the filtered (fc =
15Hz) x-acceleration time history record of Bhuj data.

numerical analysis, to provide correct input the velocity –time
history record of at the base of the numerical model should be
monitored.
FLAC (Version 5.00)
(10

-02

)

LEGEND

(10

-02

23-Nov-07 10:57
step 51533
low Time
4.8960E+03
ynamic Time 4.5000E+01

)

2.000

1.000

able Plot
Table ***

2.500
0.000

2.000

-1.000

-2.000

1.500
5
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35

40

Fig. 11 x –displacement time history record of the filtered Bhuj
earthquake data
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Fig. 10a. Power spectra of the raw acceleration time history
record of the Bhuj data as analytically developed by Iyengar
and Raghu Kant (2006)
(10

-02

Fig [12a] shows the base line corrected velocity - time history
record of the input motion and Fig [12b] shows the
corresponding displacement – time history, which now indicates
zero displacement at the end of the motion.
FLAC (Version 5.00)
(10

23-Nov-07 10:57
step 51533
ow Time
4.8960E+03
ynamic Time 4.5000E+01

)

-01

)

LEGEND

1.500

1.000
able Plot
Table ***
0.500

2.500

0.000

2.000

-0.500

-1.000

1.500
5

10

15
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Fig. 12a. Base line corrected x-velocity time history record of
the Bhuj earthquake data which is used in the dynamic
numerical analysis
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Fig. 10b. Power spectra of the filtered (fc = 15 Hz) x–
acceleration-time history record of the Bhuj data as
analytically developed by Iyengar and Raghu Kant (2006)
Twice integration of filtered x-acceleration time history record
shows a constant drift in the end of the input motion as shown in
Fig [11]. Since the input earthquake load is applied as stress
boundary at the base of the numerical model, in which the xvelocity time-history record of the earthquake motion is
converted into as a shear stress – time history record, it is
required that the velocity time history record should be baseline
corrected so that there is no constant drift or displacement at the
end of the numerical simulation. Further, during the dynamic

Paper No. 4.05b

8

FLAC (Version 5.00)
(10

-02

)

LEGEND
23-Nov-07 10:57
step 51533
Flow Time
4.8960E+03
Dynamic Time 4.5000E+01
Table Plot
Table ***

25-May-07 15:51
step 162084
Flow Time
4.8960E+03
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Fig. 13. Numerical model for the old Rudramata dam section
without consideration of liquefiable layer
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Fig. 12b. x-displacement time history record obtained from the
base line corrected x-velocity -time history record
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In the present work, the stability analysis of the dam section
is performed to study the influence of effect of presence of
liquefiable layer beneath the foundation and on the stability
of the dam sections. Also, the results are compared
considering two different constitutive behaviors of the
embankment materials i.e. Mohr-Coulomb model and FinnByrne pore pressure. The study is divided into following
cases:
a. Without consideration of liquefiable layer beneath the
foundation with Mohr – Coulomb material behavior.
b. Consideration of presence of liquefiable layer beneath
the foundation with Finn- Byrne model.
Without consideration of liquefiable layer (Mohr-Coulomb
model)
To study the effect of presence of liquefiable layer on the
stability analysis and failure mechanism, insitu soil properties
were considered based on the discussion with the Engineerin-Charge of the Narmada Water Resource and Development
Authority, Government of Gujarat, India. The representative
input soil properties used for the analysis are provided in
Table [2]. The SPT values for the liquefiable layers are
considered in the range of 3.0 to 5.0. The values of coefficient
of permeability (k) and porosity (n) to established the pore
pressures with in the body of the dam sections are taken as
110-5 m/sec and 0.35, respectively.
Fig [13] shows the numerical model of the old Rudramata
dam section without presence of liquefiable layer beneath the
foundation, typical locations of history records as well as a
few soil zones within the model. The constitutive behavior of
the soil materials are taken as Mohr-Coulomb.
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Fig. 14. x-velocity time history record monitored at the base
of the numerical model
Fig [14] shows the x-velocity – time history record as monitored
at the base of the numerical model during the dynamic loading
and it can be noted that it is quite comparable with the input xvelocity – time history record of the earthquake motion as shown
in Fig [12a].
Fig [15] shows the pore pressure generation time history record
at four different locations beneath the foundation.
It can be noted that the change in pore pressure is not significant
when the soil is assumed to behave as Mohr-Coulomb material.
The pore fluid simply responds to changes in pore volume
caused by the mechanical dynamic loading.
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Fig. 15. Pore pressure - time history record within typical soil
zones (Mohr –Coulomb material model)in zone (105, 25)

Paper No. 4.05b

9

With consideration of liquefiable layer (Finn – Byrne model)

23-Nov-07 10:07
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Dynamic Time 4.5002E+01
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1.921E+01 <y< 1.013E+02

In the second case (b), the dam section is analyzed with the
consideration of liquefiable layer (thickness = 3.0 meter as
discussed in Singh et al. 2005) beneath the foundation taking
Finn - Byrne pore pressure generation model in the
liquefiable layer as shown in Fig [18].
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FLAC (Version 5.00)

Fig. 16 X-displacement contour showing minor damages on the
D/S slope of the old Rudramata dam section
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Figure 18 numerical model of the Rudramata dam section
with consideration of liquefiable layer
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Fig. 17. Relative x-displacement - time history record of the
crest of old Rudramata dam section (Max. Disp = 2.3 cm)
The results of the numerical analysis indicates small
deformation values on the D/S side of the dam section (Fig
[16]) and the magnitude of crest deformation relative to the
base of the model is evaluated as 2.3 cm (Fig [17]). The
results of the analysis indicate that in the absence of
liquefiable layer beneath the foundation it is most likely that a
slope type of failure mechanism is developed. Also the low
deformation value indicates that the dam would have been
survived during the Bhuj earthquake if the foundation did not
liquefy.

Fig [19] shows the pore pressure generation-time history
record at different location within the liquefiable layer
beneath the foundation. After comparing Fig [19] with Fig
[15], it can be noted that the Finn-Byrne pore pressure
generation model captures the building up of the excess pore
pressures in the soil zones during the earthquake loading,
which is not well captured in Mohr-Coulomb material
behavior.
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Figure 19 Pore pressure generation –time history record with
in the liquefiable layer (in zone 105, 25) beneath the
foundation (Finn –Byrne model)
Fig [20] show the shear stress (xy) - shear strain (xy) time
history record in the two typical soil zones in the liquefiable
layer below the U/S and D/S slopes, respectively. It can be noted
that there is gradual softening of the shear stress (xy) -shear
strain (xy) loops with the time indicating large accumulation of
shear strains (maximum strains are not shown in the figures) in
the liquefiable layer that are responsible for causing large scale
deformations.
Fig [21a] and Fig [21b] show the comparison of x-acceleration –
time history computed at the base (0.261g) and at the crest
(0.614g) of the Rudramata dam section. It can be noted that max
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acceleration at the crest gets amplified, which is almost 2.31
times the maximum acceleration calculated at the base of the
numerical model of the dam section.
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Fig 21b X-acceleration time history computed at the crest of
the Rudramata dam section
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Fig. 20 Shear stress - shear strain time history record in a
typical soil zone (105, 25) beneath the foundation on the
upstream slope side in the liquefiable layer

Figure [22a & 22b] shown the x-displacement contours and
computed crest displacement of the Rudramata dam section,
respectively. The results of the analysis indicate damages on
both the faces i.e. U/S and D/S sides of the dam section (Fig
[22a]). It also indicates a clear base type failure on the U/S
side while D/S side indicates a slope type failure.

It can also be observed that this amplification is significant in the
initial 10 – 15s of the input motion. It is also observed that
within this time period the maximum displacement of the crest
also occurs and hence, it could be expected that the liquefaction
of the foundation soil occurred within 10-15 seconds after the
triggering of the earthquake.
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Fig. 22a X-displacement contour showing damages on the u/s
and d/s slopes of the old Rudramata dam section
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Fig 21a X-acceleration time history record at the base of the
Rudramata dam section
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Fig. 22b Relative x-displacement - time history record of the
crest of old Rudramata dam section (Max. crest Displacement
= 2.12 cm)
It can be noted that although the crest of the dam section has not
moved significantly, there are clear damages (of magnitude
0.10-0.25 m) on the U/S face, the numerical analysis very well
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captures the feature of failure mechanism that is consistent with
the field observations (Fig [7]).

CONCLUSIONS
From the results of the analysis of the old (failed) dam sections,
it can be stated that the underlying failure mechanism and failure
patterns are well captured in the numerical analysis. It can also
be concluded that the presence of liquefiable layer beneath the
foundation was the major cause of either failure or for the
significant damages within the body of the dam sections. In the
absence of liquefiable layer, it is analyzed that the dams would
have survived. It is also noted that the presence of liquefiable
alluvium also changed the failure pattern and triggered the base
type of failure mechanism, the feature which was also observed
in the field observations. Through the analysis, it is found that
the earthen dams founded directly on the liquefiable alluvium
have high risk to the dam stability and prior to construction of
dams, a comprehensive investigation of the foundation soil
against liquefaction susceptibility and proper remedial measures
for liquefaction mitigation are necessary.
The present work also compares and discusses the results of the
coupled dynamic numerical analysis of the dam sections using
Mohr-Coulomb material model and Finn-Byrne pore pressure
generation model. It is noted that the Mohr – coulomb material
model does not capture the essential feature of dynamic loading
i.e. pore pressure generation and also the computed displacement
are relatively less than those obtained using Finn-Byrne model.
It is because of the fact that the Finn-Byrne model captures the
pore pressure generation during the dynamic loading and
consequently there is a larger decrease in the effective stress
value leading to higher reduced strength and more accumulation
of strains in the embankment material.
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